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HIGHLIGHTS 


•  A  modified  liquid-phase-assisted 
sintering  mechanism  is  employed. 

•  A  distinct  transient  liquid  phase 
forms  during  the  sintering  process. 

•  Relative  density  of  96.6%  is  success¬ 
fully  obtained  for  La0.8Sr0.2Cr0.5- 
Fe0.5O3_<5. 

•  La0.8Sr0.2Cr0.5Fe0.503_,5  is  proposed 
as  a  promising  interconnect  for 
SOFCs. 
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Fe-doped  lanthanum  strontium  chromites,  i.e.,  Lao.8Sro.2Cri_xFex03_<5  (x  =  0.1,  0.2,  0.3,  0.4,  and  0.5),  are 
synthesised  and  evaluated  as  potential  interconnect  materials  for  SOFCs.  A  modified  liquid-phase- 
assisted  sintering  mechanism  is  employed  to  improve  the  sintering  abilities  of  Lao.sSro.2Cri_xFex03 
_<5  powders.  A  distinct  transient  liquid  phase  forms  during  the  sintering  process,  which  spreads  into  a 
uniform  layer  and  covers  the  grain  boundaries,  thereby  enhancing  densification.  Additionally,  it  is 
determined  that  the  amount  of  liquid  phase  formed  during  liquid-phase-assisted  sintering  significantly 
affects  the  densification  of  doped  lanthanum  chromites.  Relative  densities  of  94.6%  and  96.6%  are  suc¬ 
cessfully  obtained  for  Lao^Sro^Cro+Feo.^-d  and  Lao.sSro^Cro.sFeo.sOs-d,  respectively.  Furthermore,  these 
compounds  are  also  redox-stable  after  being  heated  to  900  °C  in  flowing  H2  for  6  h.  The  electrical 
conductivity  increases  with  Fe-doping  levels,  and  the  conductivity  of  Lao.sSro^Cro.sFeo.sCh-d  is  measured 
to  be  21.88  S  cm-1  in  air  and  6.45  S  cm-1  in  5%  H2/Ar  at  800  °C.  Therefore,  dense  Lao.sSro^Cro.sFeo.sCh-d  is 
a  promising  interconnect  alternative  for  solid  oxide  fuel  cells. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  have  attracted  considerable  in¬ 
terest  as  a  new,  clean  power  generation  system  with  high  efficiency. 
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The  fuel  flexibility  of  SOFCs  makes  them  an  ideal  candidate  for  the 
effective  use  of  fossil  fuels  [1—3].  Tubular  and  planar  stack  designs 
are  currently  the  two  main  SOFC  concepts  being  developed.  Tubular 
SOFCs  have  certain  advantages  over  planar  SOFCs,  including  ease  of 
sealing  and  the  ability  to  endure  thermal  stress  caused  by  rapid 
heating  [4-6].  Unfortunately,  only  ceramic  interconnects  can  be 
used  in  tubular  SOFCs  [7].  The  interconnect,  which  provides  the 
conductive  path  for  electrical  current  and  separates  the  fuel  gas 
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from  the  oxidant,  is  an  essential  part  of  the  SOFC  stack.  Therefore, 
the  interconnect  should  be  dense,  sufficiently  conductive,  and 
stable  in  both  oxidising  and  reducing  atmospheres  under  high 
temperatures.  Because  of  these  strict  requirements,  only  a  few 
materials  can  be  used  for  SOFC  interconnects.  LaCr03-based  pe- 
rovskites,  which  exhibit  high  thermal  and  chemical  stability  in  dual 
oxidation-reduction  atmospheres  and  good  electrical  conductivity, 
are  the  most  promising  materials  8-10].  Flowever,  the  poor 
sinterability  of  these  compounds  in  air,  because  of  increased  rates 
of  chromium  evaporation,  imposes  a  major  constraint  to  their 
fabrication  and  utility.  Various  methods  have  been  suggested  to 
improve  the  sinterability  of  doped  lanthanum  chromite  powders, 
including  adding  sintering  aids  [11,12],  sintering  in  a  reducing  at¬ 
mosphere  [13],  using  chromium  deficient  non-stoichiometric 
composition  14,15],  and  substituting  lanthanum  with  other  ele¬ 
ments  [12,16].  Nevertheless,  adding  sintering  aids  and  sintering  in  a 
reducing  atmosphere  increases  fabrication  complexity  and 
manufacturing  costs,  whereas  using  a  chromium  deficient  non- 
stoichiometric  composition  causes  compositional  inhomogeneity. 
It  was  determined  that  the  presence  of  low-melting  Ca-rich  sec¬ 
ondary  phases,  such  as  CaCr04  or  Can(Cr03)m,  support  the  sintering 
of  La(Ca)Cr03  by  a  liquid-phase-assisted  sintering  mechanism. 
Flowever,  excess  A-site  elements  tend  to  react  with  the  zirconia 
electrolyte  during  sintering,  which  produces  undesirable  secondary 
phases,  such  as  La2Zr207  and  CaZr03  [17,18].  Moreover,  heavy  Ca- 
doping  reduces  the  chemical  and  dimensional  stability  in 
reducing  environments,  which  decomposes  the  perovskite  struc¬ 
ture  in  fuel  conditions  [19].  Additionally,  chemical  expansion  cau¬ 
ses  internal  stress  and  deformation  under  large  oxygen  partial 
pressure  gradients  [20].  Therefore,  an  alternative  interconnect 
material  is  required  to  overcome  the  technical  limitations  of 
acceptor-doped  lanthanum  chromite. 

To  the  best  of  our  knowledge,  there  have  been  few  in¬ 
vestigations  on  aliovalent  cation  doping  of  B  (Cr)  sites  for  inter¬ 
connect  development.  Thus,  we  hypothesise  that  doping  the  B-site 
with  large  cations  will  enhance  the  diffusion  of  larger  A-site  cat¬ 
ions  during  the  sintering  process.  Additionally,  doping  on  the  B- 
site  could  enhance  other  properties  that  may  resolve  the  problems 
that  were  previously  mentioned  [21].  For  example,  Tao  and  co¬ 
authors  [22]  have  reported  that  Lao.75Sr0.25Cri_xFex03  with 
x  <  0.5  is  stable  in  dry  5%  H2  at  900  °C.  Liu  et  al.  [23]  successfully 
prepared  Zro.84Yo.15O1.92  (YSZ)  and  Lao.sSro^Cro.sFeo.sC^-d  (LSCF) 
dual-phase  composite  hollow  fibres  for  oxygen  permeation 
membranes  in  which  oxide  ions  were  transported  through  YSZ 
and  electrons  were  transported  through  LSCF.  Furthermore,  the 
ionic  conductivity  of  (Lao.75Sro.25)o.95Cro.6Feo.403_«5  was  determined 
to  be  0.079  S  cm-1  at  1223  K  with  p(02)  =  10-17  atm  [24  ,  which  is 
smaller  than  the  ionic  conductivity  of  YSZ  (0.1  S  cm-1)  [1].  Based 
on  these  results,  and  if  it  has  a  sufficient  density  (the  accepted 
density  for  a  ceramic  interconnect  is  94%  [25,26]),  Fe-doped 
lanthanum  strontium  chromite  is  expected  to  satisfy  the  re¬ 
quirements  for  use  in  SOFC  interconnects. 

In  the  present  work,  La0.8Sr0.2Cri_xFexO3_5  (x  =  0.1,  0.2,  0.3,  0.4, 
and  0.5)  was  synthesised  and  characterised.  Relative  densities  of 
94.6%  and  96.6%  were  successfully  obtained  by  a  modified  liquid- 
phase-assisted  sintering  mechanism  for  Lao.sSro^Cro.eFeo^C^-^ 
and  Lao.8Sr0.2Cr0.5Feo.503_(5,  respectively.  The  microstructure,  elec¬ 
trical  conductivities,  thermal  expansion  coefficients,  and  other 
properties  of  Lao.8Sro.2Cri_xFex03_«5  were  also  investigated.  An 
optimised  composition  for  use  in  a  SOFC  interconnect  is  proposed. 
The  oxygen  nonstoichiometry  (5)  of  Lao.8Sro.2Cri_xFex03_«5  is 
important  because  it  is  closely  correlated  to  the  electrochemical 
properties,  mechanical  properties,  and  stability  of  the  material. 
Flowever,  in  the  present  work,  we  focused  on  the  densification  of 
Lao.8Sr0.2Cri_xFex03_«5,  which  is  an  extremely  critical  parameter  for 


the  interconnect.  The  effect  of  8  will  be  investigated  in  future 
studies. 

2.  Experimental  section 

All  Lao.8Sro.2Cri_xFex03_<5  (x  =  0.1,  0.2,  0.3,  0.4,  0.5)  specimens 
were  synthesised  individually  using  the  sol-gel  method.  Metal  ion 
nitrate  solutions  were  prepared  from  La203,  SrC03,  Fe(N03)3-9H20 
and  Cr(N03)3-9Fl20.  First,  La203  and  SrC03  were  dissolved  in 
diluted  nitric  acid,  and  Fe(N03)3-9H20  and  Cr(N03)3-9H20  were 
dissolved  in  de-ionised  separately  in  water.  Next,  the  metal  nitrate 
solutions  were  mixed  together  in  a  proper  ratio.  An  excess  of  citric 
acid  was  added,  and  the  pH  of  the  solution  was  carefully  adjusted  to 
the  required  level  with  NH4OH.  The  mixtures  were  placed  in  a 
water  bath  at  80  °C  with  constant  stirring  for  approximately  3  h  to 
evaporate  excess  water  and  obtain  a  gel.  The  as-prepared  gel  was 
dried  at  200  °C  and  calcined  in  a  temperature  range  from  900  to 
1200  °C  for  4  h  in  air.  The  crystal  structures  of  the  synthesised 
powder  specimens  were  determined  by  X-ray  diffraction  (XRD) 
with  Cu  Ka  radiation  (D8  Advance,  Bruker  AXS,  Germany;  40  kV, 
30  mA)  at  room  temperature.  To  estimate  the  lattice  parameters, 
the  measured  XRD  patterns  were  refined  using  Rietveld  refine¬ 
ment.  The  morphology  of  the  sintered  samples  was  characterised 
with  a  field  emission  scanning  electron  microscope  (S-4800,  Hita¬ 
chi,  Japan).  Thermal  expansion  coefficients  (TECs)  were  determined 
using  a  TMA  402  FI  Hyperion  (Netzsch,  Germany). 

For  the  purpose  of  convenience,  Lao.sSro.^ro.gFeo.iC^, 
Lao.8Sro.2Cro.8Feo.203-<5»  Lao.8Sro.2CrojFeo.303-<5»  Lao.8Sro.2Cro.6 
Feo.403_<5  and  Lao.sSro^Cro.sFeo.sC^  are  abbreviated  as  Fe  0.1,  Fe 
0.2,  Fe  0.3,  Fe  0.4  and  Fe  0.5,  respectively,  throughout  this  paper. 

3.  Results  and  discussion 

3.1.  Crystal  structure 

The  XRD  patterns  taken  at  room  temperature  of  Fe  0.5  powders 
calcined  at  900, 1000, 1100, 1200  °C  are  shown  in  Fig.  1.  The  Fe  0.5 
specimens  are  shown  as  representative  results;  the  other  compo¬ 
sitions  exhibited  similar  characteristics.  The  XRD  patterns  reveal 
that  although  the  samples  were  calcined  at  different  temperatures 
they  all  exhibit  the  perovskite  structure.  Because  of  low  solubility, 
an  impure  SrCr04  phase  was  observed  (JCPDF  card  73-1082)  for 
samples  calcined  below  1200  °C  [14,17,20,26].  For  samples  calcined 
at  1200  °C,  SrCrCH  dissolved  into  the  perovskite  [30]  and  a  pure 
phase  of  perovskite  powders  remained.  Notably,  when  higher 
calcination  temperatures  were  used,  less  SrCrCU  was  detected 
(estimated  from  the  peak  intensities  of  SrCr04  in  Fig.  1),  which 


Fig.  1.  XRD  patterns  of  Fe  0.5  from  powders  calcined  from  900  °C  to  1200  °C. 
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indicates  that  more  SrCrCU  was  dissolved  in  the  perovskite. 
Therefore,  single-phase  perovskites  of  Lao.8Sr0.2Cri_xFex03_«5 
(x  =  0.1, 0.2, 0.3, 0.4,  and  0.5)  can  only  be  obtained  by  calcination  at 
temperatures  above  1200  °C. 

The  refined  lattice  parameters,  crystal  symmetries  and  calcu¬ 
lated  unit  cell  volumes  of  Lao.sSro^Cri-xFe^^  specimens  (x  =  0.1, 
0.2,  0.3,  0.4,  and  0.5)  using  1200  °C  calcined  powders  are  system¬ 
atically  presented  in  Table  1.  The  lattice  parameters  and  cell  vol¬ 
umes  increased  with  increasing  Fe-doping  levels,  which  is 
attributed  to  the  larger  cation  radii  of  Fe3+  (0.645  A)  compared  to 
Cr3+  (0.615  A).  Moreover,  the  crystal  systems  of  Fe  0.1  to  Fe  0.3  were 
characterised  as  having  rhombohedral  symmetry  and  belonging  to 
the  R3-c  (167)  space  group,  whereas  Fe  0.4  and  Fe  0.5  exhibited  an 
orthorhombic  structure  with  space  group  Pbnm  (62),  which  is 
consistent  with  Tao’s  results  [22].  Generally,  LaCr03-type  perov¬ 
skite  has  two  phases  with  orthorhombic  and  rhombohedral  sym¬ 
metries.  It  is  reported  that  the  structure  of  Lao.sSro^CrCU  is 
rhombohedral  [12],  whereas  Lao.8Sr0.2Fe03  exhibits  an  ortho¬ 
rhombic  structure  [27]  at  room  temperature.  Therefore,  Fe-doping 
tends  to  promote  the  phase  transition  from  rhombohedral  to 
orthorhombic  symmetry. 

3.2.  Chemical  stability 

To  investigate  the  phase  stability  of  Lao.8Sr0.2Cri_xFex03_<5  pe¬ 
rovskites  in  a  reducing  atmosphere,  powders  calcined  at  1200  °C 
were  exposed  to  wet  H2  at  900  °C  for  6  h.  Fig.  2  shows  the  XRD 
patterns  as  a  function  of  Fe-doping  level.  After  reduction,  no  phase 
segregation  or  decomposition  product  was  observed.  This  suggests 
that  the  Lao.8Sr02Cri_xFex03_«5  perovskites  (x  =  0.1, 0.2,  0.3, 0.4,  and 
0.5)  are  chemically  stable  under  SOFC  operating  conditions,  which 
is  also  consistent  with  Tao’s  results  [22].  Fig.  3  shows  the  XRD 
patterns  of  the  original  and  reduced  specimens.  The  Fe  0.5  speci¬ 
mens  are  shown  as  representative  results;  the  other  compositions 
exhibited  similar  characteristics.  No  apparent  peak  shift  was 
detected. 

3.3.  Sintering  behaviour  and  a  modified  liquid-phase-assisted 
sintering  mechanism 

To  investigate  the  densities  and  electrical  conductivities  of  the 
samples,  the  1200  °C  calcined  powders  were  pressed  into  rectan¬ 
gular  bars  at  250  MPa  and  sintered  in  air  at  1400  °C  for  4  h.  Un¬ 
fortunately,  and  as  expected,  all  the  samples  were  porous,  as  shown 
in  Fig.  4  (Fe  0.5  is  an  example).  A  porosity  of  approximately  20-30% 
was  estimated  using  SEM.  Because  of  evaporation  of  chromium 
species  and  difficulty  of  diffusion,  the  densification  of  the  materials 
was  restricted  at  this  temperature.  Dense  compounds  were 
required  to  evaluate  the  thermal  expansion  and  electrical  conduc¬ 
tivity.  For  this  reason,  the  powder  calcined  at  1200  °C  was  not 
characterised  further. 

It  has  previously  been  mentioned  that  sintering  Sr-doped 
lanthanum  chromite  perovskites  results  in  an  ex-solution  of  low 


Table  1 

Lattice  parameters,  cell  volumes,  and  crystal  symmetries  of  Lao.8Sr0.2Cri_xFex03_5 
specimens. 


Compositions  Lattice  parameters 

a  (A)  b  (A) 

c(  A) 

Space  group 

v(A3) 

Z 

Fe  0.1 

5.52162 

5.52162 

5.52162 

Rhombohedral 

168.34 

3 

Fe  0.2 

5.53294 

5.53294 

5.53294 

Rhombohedral 

169.38 

3 

Fe  0.3 

5.54918 

5.54918 

5.54918 

Rhombohedral 

170.87 

3 

Fe  0.4 

5.52572 

5.55775 

7.84079 

Orthorhombic 

240.80 

4 

Fe  0.5 

5.53504 

5.56535 

7.82791 

Orthorhombic 

241.13 

4 

Fig.  2.  XRD  patterns  of  Lao.8Sr0.2Cri_xFex03_5  specimens  after  exposure  to  wet  H2  at 
900  °C  for  6  h. 


20  (°) 


Fig.  3.  XRD  patterns  of  Lao.8Sro.2Cro.5Feo.503_,5  specimens  before  and  after  exposure  to 
wet  H2  at  900  °C  for  6  h. 

melting  SrCrC^  [12,28,29]  and  that  the  liquid  phase  assists  in 
densifying  the  perovskite.  This  is  known  as  the  “liquid-phase- 
assisted  sintering  mechanism”  [29-31].  Thus,  the  degree  of 
densification  is  associated  with  the  amount  of  liquid  phase  32]. 
Powders  that  were  calcined  at  1200  °C  did  not  have  a  sufficient 
density,  which  may  be  attributed  to  the  poor  sintering  activity  and 
an  insufficient  amount  of  liquid  phase.  After  considering  all  of  the 
powders  and  adding  sintering  aids  to  improve  the  sinterability  of 
doped  lanthanum  chromite  powders,  the  powders  calcined  at 
1000  °C  were  used  for  further  studies  in  this  work. 


Fig.  4.  SEM  micrograph  of  Fe  0.5  sintered  at  1400  °C  for  4  h  from  powders  calcined  at 
1200  °C. 
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Fig.  5.  XRD  patterns  of  powders  calcined  at  1000  °C  from  La0.8Sr0.2Cri_xFexO3_5 
specimens. 

Fig.  5  shows  the  XRD  patterns  of  Lao.8Sro.2Cri_xFex03_,5  (x  =  0.1, 
0.2,  0.3,  0.4,  and  0.5)  powder  specimens,  which  were  calcined  at 
1000  °C.  The  peaks  of  the  XRD  pattern  gradually  shift  to  lower 
angles  (partly  enlarged  inset  of  Fig.  5)  with  increasing  Fe-doping 
levels.  This  shift  is  indicative  of  an  expansion  in  the  unit  cell  with 
Fe-doping  levels  because  the  cation  radii  of  Fe3+  is  larger  than  Cr3+, 
which  is  consistent  with  data  in  Table  1.  Notably,  all  of  the  samples 
showed  a  minor  phase  of  SrCr04,  and  the  amount  of  SrCr04 
decreased  with  Fe-doping  levels.  Using  the  reference  intensity  ratio 
method,  the  percentage  of  SrCrCU  in  Fe  0.1,  Fe  0.2,  Fe  0.3,  Fe  0.4  and 
Fe  0.5  was  calculated  to  be  5.8%,  4.9%,  3.8%,  3.2%  and  2.7%  (by  mol), 
respectively  [33],  which  suggests  that  SrCrCU  functions  as  a  sin¬ 
tering  aid. 

The  1000  °C  calcined  powders  were  pressed  into  rectangular 
bars  at  250  MPa  and  sintered  in  air  at  1400  °C  for  4  h,  similar  to  the 
procedure  that  was  performed  for  the  1200  °C  calcined  powders. 
The  bulk  densities  of  the  rectangular  bars  were  measured  using  the 
Archimedes  method,  and  the  results  are  shown  in  Fig.  6.  The  rela¬ 
tive  densities  of  Fe  0.1,  Fe  0.2,  Fe  0.3,  Fe  0.4  and  Fe  0.5  were 
calculated  to  be  83.9%,  85.1%,  88.1%,  94.6%  and  96.6%,  respectively, 
which  are  significantly  higher  than  the  densities  of  the  1200  °C 
powders.  Furthermore,  the  densities  of  Fe  0.4  and  Fe  0.5  are  higher 
than  the  value  accepted  (94%)  for  ceramic  interconnects. 

Fig.  7  and  Fig.  8  show  micrographs  of  the  top  surface  and  cross- 
section  of  rectangular  bars  sintered  at  1400  °C  using  1000  °C 
calcined  powders,  respectively.  For  Fe  0.1  (Fig  7  a)  and  Fe  0.2  (Fig  7 
b),  the  surfaces  are  uneven  and  covered  with  several  wrinkles, 
which  represent  traces  of  the  melted  liquid  phase.  Flowever,  excess 
liquid  phase  during  sintering  may  cause  shape  distortion,  as  shown 
in  Fig  8  a  and  b  [32].  Additionally,  the  liquid  phase  may  also  migrate 


Fig.  6.  Variations  in  the  relative  density  of  Lao.8Sr0.2Cri_xFex03_5  as  a  function  of  Fe- 
doping  level. 


to  the  anode  interface  during  interconnect  fabrication,  which  is  not 
optimal. 

Fe  0.3  (Figs  7  c  and  8  c)  exhibits  similar  characteristics  to  Fe  0.4 
(Figs  7  d  and  8  d),  with  the  exception  that  Fe  0.3  has  more  pores. 
Micrographs  of  the  top  of  the  material  show  a  more  flat  surface 
compared  to  Fe  0.1  and  Fe  0.2.  Notably,  as  the  grains  coalesced, 
liquid  was  expelled  from  the  grain  boundaries  and  spread  into  a 
uniform  layer  along  the  grain  boundaries.  This  layer  covered  the 
grain  boundaries  and  joined  neighbouring  particles,  which  signif¬ 
icantly  contributed  to  densification,  as  shown  in  Fig  7  f  with  addi¬ 
tional  details.  A  similar  phenomenon  was  recently  discovered  by 
Sanbogaet  al  [33].  To  investigate  the  grain  boundary  conditions,  we 
performed  SEM-EDS  mapping  on  the  top  surface  of  sample  Fe  0.4. 
As  shown  in  Fig.  9,  La  migrated  to  the  grain  boundary  and  excess  La, 
Cr  and  O  was  visible.  Flowever,  the  grain  boundaries  also  contained 
Sr-poor  and  Fe-poor  regions.  These  results  suggest  that  diffusion  or 
redistribution  of  the  liquid  phase  may  occur  during  sintering.  For 
example,  with  the  disappearance  of  the  liquid  SrCr04  phase,  the 
appearance  of  another  phase  is  observed,  such  as  lanthanum-rich 
La2Cr06  [31].  Flowever,  a  detailed  sintering  mechanism  for  tem¬ 
peratures  above  1200  °C  requires  further  study. 

Fe  0.5  (Figs  7  e  and  8e)  illustrates  the  “liquid-phase-assisted 
sintering  mechanism”.  A  relative  density  of  96.6%  was  calculated  for 
Fe  0.5,  and  the  smooth  surface  indicates  that  no  liquid  was  formed 
on  the  surface  during  the  sintering  process.  The  precise  formation 
of  the  liquid  phase,  which  completely  dissolved  into  the  chromite, 
allowed  neighbouring  particles  to  merge  during  sintering  [32].  This 
resulted  in  a  homogenised  and  dense  bulk  material  with  only  a  few 
closed  pores  on  the  top  surface  of  the  bulk  that  was  not  gas 
permeable.  Fig  8f  shows  a  high  magnification  view  of  Fe  0.5,  which 
consists  of  closely  compacted  fine  grains  with  an  average  size  of  1- 
2  pm  and  clear  grain  boundaries  that  exhibit  perfectly  straight  grain 
growth.  Based  on  these  results,  Fe  0.5  is  the  optimal  material  for 
SOFC  interconnects  among  the  Lao.8Sro.2Cri_xFex03_<5  (x  =  0.1,  0.2, 
0.3,  0.4,  and  0.5)  specimens. 

During  sintering  of  1000  °C  calcined  powders  at  1400  °C,  the 
liquid  phase  should  consist  of  the  following  two  parts: 

(1)  Residual  SrCrCU  in  the  1000  °C  calcined  powders  that  melted 
during  sintering  (similar  to  the  sintering  aids) 

(2)  The  appearance  of  a  lanthanum-rich  phase  at  temperatures 
above  1200  °C. 

As  previously  mentioned,  residual  SrCrCU  decreased  with  Fe- 
doping  levels  (Fig.  5),  which  explains  the  phenomenon  observed 
in  Figs.  7  and  8.  Taking  the  XRD  results  and  Fig.  9  into  consideration, 
the  liquid  SrCr04  phase  contributed  to  densification  at  tempera¬ 
tures  below  1200  °C,  whereas  the  liquid  lanthanum-rich  phase 
played  a  more  significant  role  at  temperatures  between  1200  °C 
and  1400  °C.  The  densification  mechanism  is  unique  and  inter¬ 
esting.  Neither  the  traditional  “liquid-phase-assisted  sintering 
mechanism”  nor  the  method  of  adding  other  sintering  aids  was 
implemented;  therefore,  maybe  “a  modified  liquid-phase-assisted 
sintering  mechanism”  can  be  developed.  In  summary,  optimising 
the  proper  amount  of  liquid  phase  during  liquid-phase-assisted 
sintering  is  a  highly  effective  way  to  promote  the  densification  of 
doped  lanthanum  chromites. 

3.4.  Thermal  expansion  and  phase  transition 

The  thermal  expansions  and  electrical  conductivities  were 
evaluated  using  the  rectangular  bars  sintered  at  1400  °C  using  the 
1000  °C  calcined  powders. 

Fig.  10  (the  solid  line)  illustrates  the  linear  thermal  expansion 
curves  in  the  temperature  range  of  25-1000  °C  for 
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Fig.  7.  Top  surface  micrographs  of  specimens  sintered  at  1400  °C  for  4  h  from  1000  °C  calcined  powders:  (a)  Fe  0.1,  (b)  Fe  0.2,  (c)  Fe  0.3,  (d)  Fe  0.4,  (e)  Fe  0.5,  and  (f)  a  high 
magnification  view  of  Fe  0.4. 


Lao.8Sro.2Cr1  _xFeA.C>3_,;  (x  =  0.1, 0.2,  0.3, 0.4,  and  0.5)  specimens  and 
YSZ  (8  mol  %  Y203-stabilised  Zr02).  The  curves  nearly  overlap,  and 
the  average  thermal  expansion  coefficients  of  Fe  0.1,  Fe  0.2,  Fe  0.3, 
Fe  0.4  and  Fe  0.5,  were  determined  to  be  10.8840  x  10-6, 
11.0293  x  10  6,  10.9972  x  10~6,  11.1184  x  lO-6  and 
11.4711  x  10~6  K-1  respectively.  These  values  are  similar  to  the 
average  thermal  expansion  coefficient  of  8  mol%  YSZ 
(10.9455  x  10-6  K-1)  obtained  in  the  same  temperature  range,  as 
shown  in  Fig.  11.  The  TECs  of  Lao.8Sro.2Cri_xFex03_«5  series  and  YSZ 
are  similar.  Only  the  TEC  of  Fe  0.5  is  slightly  higher  (4.8%)  than  the 
TEC  of  YSZ.  The  results  of  the  current  study  indicate  that  Fe-doping 
has  little  effect  on  the  TECs  of  lanthanum  strontium  chromites; 
average  thermal  expansion  coefficients  are  nearly  independent  ofx, 


which  is  consistent  with  Lii’s  results  [24].  Thus,  the 
Lao.8Sro.2Cri_xFex03_,5  series  may  be  compatible  with  other  cell 
components. 

Stoichiometric  and  acceptor-doped  lanthanum  chromites  typi¬ 
cally  experience  a  phase  transition  from  orthorhombic  to  rhom- 
bohedral  symmetry  at  250-300  °C  upon  heating  [34],  as  shown  in 
Fig.  10.  The  thermal  expansion  curves  of  Fe  0.4  and  Fe  0.5  were 
processed  using  a  differential  method  (dashed  line)  to  provide 
physical-TEC  curves  and  more  clearly  present  the  phase  transition 
phenomena.  Structural  phase  transitions  caused  non-linear  ther¬ 
mal  expansion  to  occur  at  112.5  °C  for  Fe  0.4  and  168.6  °C  for  Fe  0.5, 
respectively.  Flowever,  this  was  not  observed  from  Fe  0.1  to  Fe  0.3, 
which  further  supports  the  phase  structures  listed  in  Table  1  by 
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Fig.  8.  Cross-sectional  micrographs  of  specimens  sintered  at  1400  °C  for  4  h  from  1000  °C  calcined  powders:  (a)  Fe  0.1,  (b)  Fe  0.2,  (c)  Fe  0.3,  (d)  Fe  0.4,  (e)  Fe  0.5,  and  (f)  a  high 
magnification  view  of  Fe  0.5. 


XRD  refinement.  Generally,  the  phase  transition  occurring  at  150  °C 
may  have  little  effect  on  SOFC  components.  Because  their  TECs  are 
comparable,  relative  thermal  expansion  was  neglected. 

3.5.  Electrical  conductivity 

Electrical  conductivity  in  air  was  measured  using  a  four- 
probe  DC  method  in  the  temperature  range  650-850  °C. 
Fig.  12  shows  the  Arrhenius  plots  for  the  electrical  conductiv¬ 
ities  in  air  of  Lao.sSro^Cri^FexOa^  (x  =  0.1,  0.2,  0.3,  0.4,  and  0.5) 
specimens.  The  plots  of  log  ( aT )  versus  1000/T-1  are  nearly 


linear,  which  is  consistent  with  the  small  polaron  conduction 
mechanism  [35]: 


where  Ea  is  the  activation  energy,  /<b  is  the  Boltzmann  constant,  and 
T  is  the  absolute  temperature.  For  all  of  the  compositions,  the 
conductivity  increased  with  Fe-doping  levels,  and  the  conductivity 
of  Lao.8Sro.2Cro.5Feo.503_5  was  calculated  to  be  21.88  S  cm-1  in  air 
and  6.45  S  cm-1  in  5%  Fl2/Ar  at  800  °C  36],  respectively.  The 
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Fig.  9.  The  energy  dispersive  X-ray  elemental  mapping  of  La,  Sr,  Cr,  Fe  and  the  overall  distribution  on  the  top  surface  of  the  Fe  0.4  sample. 
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Fig.  10.  Linear  thermal  expansion  curves  for  Lao.8Sr0.2Cri_xFex03_5  and  YSZ. 


activation  energy  obtained  from  the  slope  of  Fig.  10  was  0.282  eV 
for  Fe  0.5,  which  is  sufficient  for  SOFC  interconnects. 


4.  Conclusions 

Fe-doped  lanthanum  strontium  chromites,  i.e., 
Lao.8Sro.2Cri_xFex03_,5  (x  =  0.1,  0.2,  0.3,  0.4,  0.5),  were  synthesised 
on  B-sites  and  evaluated  as  potential  interconnect  materials  for 
SOFCs.  A  modified  liquid-phase-assisted  sintering  mechanism  was 
employed  to  improve  the  sinterability  of  Lao.sSro.2Cri_xFex03_5 
powders.  A  distinct  transient  liquid  phase  was  formed  during  the 
sintering  process  that  spread  into  a  uniform  layer  along  the  free- 
surface  and  covered  the  grain  boundaries.  This  enhanced  the 
densification  of  samples  from  powders  calcined  at  1000  °C.  Relative 
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Fig.  12.  Arrhenius  plots  for  the  electrical  conductivities  of  the  Lao.gSro^Cr^FexOs^ 
series  in  air. 


Fig.  11.  The  average  thermal  expansion  coefficients  of  Lao.8Sr0.2Cri_xFex03_5  compared 
to  YSZ. 
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densities  of  94.6%  and  96.6%  were  successfully  obtained  for  Fe  0.4 
and  Fe  0.5,  respectively.  Additionally,  it  was  determined  that  elec¬ 
trical  conductivity  increased  with  Fe-doping  levels  and  that  the 
conductivity  of  Lao.8Sro.2Cr0.5Feo.503_,5  is  21.88  S  cm-1  in  air  and 
6.45  S  cm-1  in  5%  H2/Ar  at  800  °C.  XRD  measurements  indicated 
that  no  iron  or  other  decomposition  products  in  the  reduced 
samples  were  detected  after  the  samples  were  heated  at  900  °C  for 
6  h  under  a  flow  of  H2,  which  indicates  that  Lao.8Sro.2Cri_xFex03_«5  is 
redox-stable.  Therefore,  Fe  0.5  is  a  promising  alternative  intercon¬ 
nect  for  solid  oxide  fuel  cells.  Furthermore,  using  the  proper 
amount  of  liquid  phase  during  liquid-phase-assisted  sintering  is 
highly  effective  in  promoting  the  densification  of  doped  lanthanum 
chromites,  which  is  advantageous  toward  the  development  of  SOFC 
separator  materials. 
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